The antimicrobial effect of L-lactate was much greater than that of D-lactate over a range of concentrations for Escherichia coli O157 and non-O157 strains. Despite this, the intracellular pHs and membrane potentials of L-lactate-and D-lactate-treated cells were similar, suggesting that these factors are not involved in the antimicrobial action of L-lactate.
much greater antimicrobial effect than did D-lactate, reflecting previously published observations (11) . The efficacies of both isomers were dose dependent, and a greater concentration of D-lactate than of L-lactate was required to obtain similar reductions in viability. The isomers and their concentrations in ascending order of efficacy (P Ͻ 0.05) were as follows: 100 mM D-lactate Ͻ 50 mM L-lactate Ͻ 150 mM D-lactate Ͻ 100 mM L-lactate (Fig. 1 ). The effects of treatments consisting of 200 mM D-lactate, 150 mM L-lactate, and 200 mM L-lactate did not differ from each other statistically but were greater (P Ͻ 0.05) than those of the other treatments.
The viability of strain NCTC 12900 in various concentrations of D-lactate or L-lactate was determined. Stationary-phase cultures were challenged with various proportions of L-lactate and D-lactate such that the total concentration was 100 mM. LLactate at a concentration of 100 mM exerted a greater antimicrobial effect (P Ͻ 0.01) than 100 mM D-lactate for NCTC 12900 ( Fig. 2A) and F318 (Fig. 2B) . Increasing the proportion of the L isomer over that of the D isomer heightened the antimicrobial efficacy in a dose-dependent manner for both strains.
A range of O157 and non-O157 E. coli isolates were assayed to determine whether the greater efficacy of L-lactate than of D-lactate is widespread in E. coli strains. Stationary-phase cells were incubated in 100 mM L-lactate or D-lactate for 3 h. The isolates were much less sensitive (P Ͻ 0.00001) to D-lactate than to L-lactate, suggesting that this effect is prevalent among E. coli strains (Table 1) . These results may have implications for improving the efficacy of lactic acid decontaminant preparations and probiotic lactic acid bacteria. The abilities of the various strains to survive lactate challenge were highly variable. When the E. coli isolates were grouped as O157 or non-O157 strains, there was no statistical difference between the groups in their sensitivities to D-lactate. However, the non-O157 strains were more susceptible to L-lactate than were the O157 strains. Previous studies comparing the levels of acid tolerance of E. coli strains have suggested that either E. coli O157 strains are more acid tolerant than non-O157 E. coli strains, or there is no difference between the two groups (2).
Ethanol has been previously shown to enhance the killing of E. coli O157 strains by lactate (7) . We examined the effect of ethanol on D-and L-lactate-mediated viability by using stationary-phase cultures treated with 5% (vol/vol) ethanol and a 100 mM concentration of the organic acid ( (2) . The SDR were similar for NCTC 12900 treated with Llactate both with and without ethanol (2.00 and 2.12 log 10 CFU ml Ϫ1 h Ϫ1 , respectively). Ethanol increased the SDR of D-lactate and L-lactate-treated F318 cells. Perhaps the ability of ethanol to perturb membranes or the alteration in fatty acid composition associated with alcohols increased the uptake of the undissociated acid (8) .
The effect of temperature on the antimicrobial effect of lactate was investigated. Stationary-phase cultures of NCTC 12900 and F318 were incubated at 20°C in the presence of 100 mM D-lactate or L-lactate. The SDR of cells treated at 20°C were lower than those of the lactate-treated isolates at 37°C (Table 2 ). This finding concurs with previously reported data showing that O157 strains became more susceptible to 1.5% lactic acid with increasing temperature (14) . Acid dissociation constants are inversely affected by temperature (4). The steady-state intracellular lactate anion concentration that accumulated at 37°C would therefore be greater than that at 20°C, assuming that lactate is able to freely permeate the cytoplasmic membrane. This may explain the reduced susceptibility of E. coli strains to lactate at 20°C. Another possible explanation is that alterations in the fatty acid content of E. coli membranes occur at lower temperatures (8) .
The antimicrobial mode of action of organic acids has not been satisfactorily explained (4) . Traditionally, only undissociated acid was thought to freely permeate the membrane, where it released toxic acid anions and protons intracellularly according to the intracellular pH (pH i ), the protons causing acidification of the cytoplasm and dissipation of the transmembrane proton potential (6) . However, this rationale has been dismissed as too simplistic (4), and other mechanisms have been proposed. Cherrington et al. (5) showed that bacteriostatic concentrations of propionic and formic acids interfered with E. coli macromolecular synthesis and it has been proposed that sorbic acid acts as a membrane-active compound for yeasts (13) . Jordan et al. (7) showed that lactate caused a reduction in the pH i and suggested that the proton gradient (⌬pH) had collapsed. We decided to investigate the components of the proton motive force with respect to D-lactate and L-lactate.
The pH i , the ⌬pH, and the membrane potential (⌬⌿) were determined by a centrifugation method described previously (9) . Stationary-phase cells were incubated in 100 mM D-or L-lactate for 10 min. Measurements were performed three to five times. As shown in Table 3 , the ⌬pH values of cells treated with D-lactate or L-lactate were similar (1.02 and 1.14, respectively), as were the ⌬⌿ values (Ϫ37.54 and Ϫ42.92 mV, respectively). Similar trends were observed for F318 cells (Table  3) . Although the ⌬⌿ measurements were relatively low, they were comparable to previous results for nongrowing E. coli in anaerobic environments (1). D-Lactate, which has little antimicrobial effect at 100 mM, caused a reduction in pH i similar to that of the bactericidal agent L-lactate. This suggests that the antimicrobial action of L-lactate is not due to the collapse of the pH i , as previously suggested (7). The reduction in pH i is probably due to a tolerance mechanism that prevents the accumulation of large amounts of acid anions, which was suggested previously (12) . As neither the ⌬pH nor the ⌬⌿ has been abolished, it is unlikely that the toxicity of lactate is due to uncoupling. Given that as D-lactate is the major fermentative product of E. coli at low pH under anaerobic conditions (3), it is possible that this organism has developed methods of effectively dealing with high intracellular concentrations of D-lactate, such as efflux mechanisms or conversion to nonacidic end products.
It has been suggested that direct comparisons of different organic acids with respect to their antimicrobial activities are difficult because of the variation in physical characteristics (4) . Studies comparing the antimicrobial effects of the isomers of lactate may provide a useful tool in elucidating the mechanism of action of this acid. As the isomers of lactate have the same pK a s and similar structures, it is likely that they will share a similarity in nonspecific interactions but will differ with respect to specific interactions such as enzymatic reactions.
In conclusion, L-lactate has a much greater antimicrobial effect than D-lactate for a wide range of E. coli O157 and non-O157 isolates. This finding may have implications for the use of lactate as an antimicrobial agent and the use of lactic acid bacteria as probiotics. There was no difference between D-lactateand L-lactate-treated cells with respect to the transmembrane pH gradient, suggesting that the antimicrobial mode of action of L-lactate does not involve abolition of the pH i . This study also highlights the potential use of the isomers of lactate as a tool for elucidating the mechanism of action of lactate. f Proton motive force expressed in millivolts (⌬⌿ Ϫ Z⌬pH).
